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Introduction
Hydrogen bonds (HBs) are often the primary intermolecular interaction determining how molecules come together to form a solid and so play a key role in determining the characteristics of many biological, organic and inorganic systems. 1 A detailed understanding of the role of these important interactions is therefore necessary in determining their role in governing the physical properties of a diverse range of materials. Single crystal X-ray diffraction experiments now routinely allow the positional and isotropic thermal parameters of hydrogen atoms to be refined, allowing closer examination of HB networks, although there is often an inherent ambiguity associated with their location. Single crystal neutron diffraction, on the other hand, allows hydrogen atoms to be located unambiguously and both positions and anisotropic displacement parameters can be refined; this is therefore the ideal technique for studying the subtle behaviour of hydrogen atoms. In some cases, hydrogen atoms display unusual, dynamic behaviour (e.g. disorder 2, 3, 4 or migration [5] [6] [7] [8] [9] [10] across HBs). The information about such atoms extracted from X-ray data alone can be ambiguous due to the inherent inaccuracies in hydrogen atom location from this technique; we have recently demonstrated, however, that utilisation of Fourier difference maps from X-ray diffraction data can reliably identify and characterise these types of effects. 4, 10, 12 Utilising both X-ray and neutron diffraction in tandem allows comparison of the electronic and nuclear behaviours of the hydrogen atoms, which can provide further insight into the nature of a HB, as the two do not always follow the same pattern of behaviour. 11 Variable temperature methods can be utilised in diffraction experiments to probe a wide variety of interesting physical and chemical properties including, but not limited to, phase transitions, 13 thermochromism 9 and negative thermal expansion. 14 Subtle temperature-dependent proton effects such as disorder and migration within HBs may be observed and characterised using variable temperature X-ray and neutron studies. With temperature being an easily controllable external variable, it opens up the possibility of crystal structures being "tuned" to display specific structural features. This can aid in the understanding of the processes involved as well as creating materials with potentially useful properties. Cocrystallisation is another valuable tool when looking to control the properties of compounds in the solid-state. This method is often of particular interest in the pharmaceutical industry where a common problem for active pharmaceutical ingredients (APIs) is low solubility, affecting the bioavailability of a drug in the body. Cocrystallisation enables properties such as solubility to be modified by introducing another compound into the same crystal matrix as the API of interest. 15 Cocrystallisation also allows an extra element of control over the crystal form by, for example, introducing compounds with specific functional groups (acting as HB donors/acceptors) or bulky groups (steric effects) to influence the architecture of the crystal structure which is formed. 16 Whilst it is common to direct the formation of specific hydrogen bonds using crystal engineering techniques, it is far more difficult to control the strength of these hydrogen bonds. Such precise control is desirable where interesting behaviour within HBs occurs and this can be used as a means of introducing, for example, hydrogen migration leading to thermochromism. 9 Certain categories of HBs offer an increased likelihood of displaying such desirable features; temperature-dependent proton migration in short, strong HBs (SSHBs), for example, tends to require an O-H···O HB of <2.50 Å in length. 10 The proton affinity of the components used in a cocrystallisation experiment can also be harnessed. For example, a correlation between ΔpKa values and the magnitude of proton migration observed over a given temperature range in SSHBs showed that complexes with the least negative ΔpKa values displayed the most significant migration. 10 Urea has been used extensively as a co-molecule in the crystal engineering of molecular complexes due to the presence of multiple HB donor and acceptor sites. 17 It can produce robust and reproducible crystallographic motifs when crystallised with organic acids. 18 Urea di-carboxylic acid complexes often form hydrogen bonded chains with a motif that is dependent on the stoichiometry of the component molecules. 1:1 complexes show a urea (U) -acid (A) motif while 2:1 (urea:acid) and 1:2 complexes show U-A-U and A-U-A motifs, respectively. 1:1 and 2:1 complexes are most common, however there is one example of a 1:2 complex formed by urea and maleic acid. 17 The reliability and predictability of these motifs in urea-acid complexes makes these ideal systems for studying the effect of systematically modifying the substituent on the urea moiety (and therefore the pKa) on the detailed characteristics of the HBs. Modification of the substituents of co-molecules can also have a significant impact on the crystallographic motif displayed in a structure; this is often related to the addition or removal of hydrogen bonding sites which will therefore impact the crystal packing. 19 Here, the effect of modifying the urea molecules through the systematic addition of methyl groups to the urea nitrogen atoms, resulting in the blocking of HB donor sites, is of interest. In contrast to the parent urea itself, the N-methyl substituted ureas are not well studied, with only one current example of a complex of an organic di-carboxylic acid with a mono-substituted urea; the 2:1 complex of N-methylurea (MU) and oxalic acid. 20 The molecular complexes of urea, MU and N,N-dimethylurea (DMU) with the di-carboxylic acids fumaric and succinic acid, and of MU with oxalic acid, are reported here, allowing a systematic investigation of the effects of methyl substitutions on the urea on the crystal packing of the complexes (Fig. 1 ). In addition, the effect of chain length and molecular flexibility on the crystal packing is investigated and variable temperature methods are utilised to follow the structural evolution of the synthesised complexes. Three of the complexes reported here (urea succinic acid, 18, 21, 22 urea fumaric acid, 22, 23 and N-methylurea oxalic acid 20 ) have been previously studied by X-ray diffraction at room temperature (RT). All X-ray data for US, UF, MUS, MUF, DMUS and DMUF were collected at 100, 200 and 300 K, and at 200 and 300 K for MUOX, on a Rigaku R-AXIS/RAPID image plate diffractometer equipped with an Oxford cryosystems N2 low temperature device 24 using graphite monochromated Mo Kα radiation (λ = 0.71073 Å). Reflections were processed using FSPROCESS within the CRYSTALCLEAR 25 suite of programs and an absorption correction based on the multi-scan method was applied. The structures were solved by direct methods using SHELXS-97 26 and refined with anisotropic displacement parameters for all non-H atoms using SHELXL-97 26 within WinGX. 27 Hydrogen atoms were located using Fourier difference methods and refined isotropically. Neutron data for US, MUS and DMUS were collected on the Very Intense Vertical Axis Laue Diffractometer (VIVALDI) 28 at the Institut Laue-Langevin reactor source in Grenoble, France. Data were collected at 100, 200 and 300 K for US; 20, 100, 200 and 300 K for MUS and 20 and 50 K for DMUS. No absorption corrections were deemed necessary due to the small size of the crystals used. Orientation matrices were determined using the program LAUEGEN. 29 Unit cell parameters were assumed to be the same as those determined from X-ray data as the Laue method at a continuous neutron source only allows relative linear cell dimensions to be determined. Where there were no X-ray available for the measurements at 20K, the unit cell parameters were first estimated based on the changes in cell dimensions at higher temperatures and then refined to match the data. Reflections were corrected for background and integrated using ARGONNE_BOXES 30 and normalised to a common wavelength, scaled, and merged with LAUE4. 31 Neutron data for UF were collected at 30, 100, 200 and 300 K on SXD, 32 the single crystal diffractometer at ISIS, UK using the time-of-flight Laue diffraction method. The unit cell was refined for each data frame taking the X-ray unit cell as the starting point and an average of these was taken as the unit cell parameters at each temperature. The data were processed using SXD2001. 32 All neutron data sets were refined using SHELXL-97 26 within the program WinGX 27 with initial atomic coordinates taken from the X-ray structures.
Experimental

Crystals of US
All hydrogen positional and anisotropic displacement parameters were refined for each neutron structure. A summary of the crystallographic data is given in the ESI. † Complexes of urea succinic acid (US), urea fumaric acid (UF), MU succinic acid (MUS), MU fumaric acid (MUF), MU oxalic acid (MUOX), DMU succinic acid (DMUS), and DMU fumaric acid (DMUF) all crystallise in a 2:1 (urea:acid) ratio and contain a three molecule building block with a U-A-U motif (Fig. 2) ; this is consistent with those observed by Alhalaweh et al. 18 in their studies of urea di-carboxylic acid complexes. The acid···amide homodimer is predicted from computational studies to be one of the most stable hydrogen bonded motifs in these types of complexes. 33 Each structure has one urea molecule and half an acid molecule in the asymmetric unit and all crystallise in space group number 14 (either P21/c or P21/n). The structures of US, 18 
Results and Discussion
Structural Similarities
The two pairs of succinic acid and fumaric acid with ureas, US/UF and MUS/MUF, are isostructural despite the differences in rigidity of the connecting group between the two acid groups and the mono-methyl substitution of the urea moiety ( Fig. 3 ) (Table 1) . One-dimensional zigzag chains with a repeating U-A-U motif form and are held together by two R2 2 (8) hydrogen bonded rings; one an amide···amide homodimer and the other an acid···amide heterodimer containing a short, strong O-H···O HB ( Fig. 4, left) . The addition of a methyl group to the urea molecule in the anti conformation (with the methyl group located on the opposite side of the molecule from the carbonyl group) does not perturb the formation of one-dimensional MU-A-MU zigzag chains. Each chain is surrounded by neighbouring chains in a different orientation; the urea complexes show a slightly lower tilt angle between neighbouring chains (66 -72° over the 100 -300 K temperature range measured; estimated from the angle between the planes of the acid molecules in each chain) compared to that in the N-methylurea complexes (71 -79°). Chains in the same orientation are stacked on top of one another; the chains in the N-methyl urea complexes are spaced more widely to accommodate the methyl groups which point along the c-axis (~3.0 -3.3 Å between layers for US/UF; 3.2 -3.5 Å for MUS/MUF) ( Fig. 4, right) . The motif of alternating chain orientations repeats along the c-axis and adjacent chains are held in place by lateral N-H···O HBs between the urea and acid molecules in the different chains forming a complex threedimensional hydrogen bonded network ( Fig. 4, right) . The presence of methyl groups in MUS/MUF leads to additional The fact that the US and UF (or MUS and MUF) complexes are isostructural is not unexpected, given that the only difference between the two is the degree of saturation of the C-C bond at the centre of the acid molecule ( Fig. 3 ). In US, where the C-C bond at the centre of the acid molecule is saturated, the presence of additional hydrogen atoms on the alkyl chain results in a larger separation between chains compared to UF; at higher temperatures the difference is much smaller (~3.25 (100 K) and ~3.32 Å (300 K) in US; ~2.99 (100 K) and ~3.29 Å (300 K) in UF (X-ray data)); this also contributes towards a larger cell volume for US compared with that of UF at all temperatures (Table 3) . Other contributions to the difference in volume arise from the shorter U-A-U unit in UF, arising from the C=C bond, and also from the HBs in the homo-and heterodimers which are longer in US. A similar observation is found in the structures of the MUS and MUF complexes (again the only difference is the saturation of the C-C bond) where the layer separation is ~3.43 (100 K) and ~3.51 Å (300 K) in MUS and ~3.30 (100 K) and ~3.42 Å (300 K) in MUF (X-ray data) ( Fig. 4, right) . The majority of HBs are longer in MUS, contributing again to an increase in volume; the N-H···O HB linking the amide···amide dimers is an exception. The C-C bond in MUS leads to longer MU-A-MU units which also contribute to the difference in volume when compared with MUF. (Fig. 5, right) . Chains in the same orientation form layers with a separation of ~3.3 -3.5 Å. The increase in the length of the c-axis can be related to the increased size of the methyl groups causing an increase in the separation of adjacent chains primarily in the c direction ( Table 3 ). The formation of chains similar to those in the US/UF/MUS/MUF complexes through different interactions indicates the remarkable stability of this packing motif even when the possibility of linking the urea moieties through an N-H···O HB is removed. It might be expected that DMUS and DMUF would pack in a similar manner, but the data presented here do not support this. The structure of DMUF contains DMU-A-DMU units containing The 2:1 form of MUOX packs in a different manner to the other structures. 20 Oxalic acid has a shorter alkyl chain than both fumaric and succinic acid but it can still pack in a similar manner evinced by a complex of the DMU isomer N,N'dimethylurea (N,N'DMU; the urea is disubstituted with methyl groups but this time on different N atoms) and oxalic acid; the N,N'DMU molecules arrange in U-A-U units although the packing of these differs from US/UF/MUS/MUF/DMUS. 10 However, in the present study, MU does not form this motif with oxalic acid and instead forms a layered structure (Fig. 7,  left) . This type of layered packing has been observed for DMU oxalic acid 10 and urea succinic acid. 18 The original structural determination of MUOX, reports a phase transition to orthorhombic symmetry occurring at ~180 K as the temperature is decreased. A data collection was thus attempted at 100 K, but the phase transition resulted in a decrease in the quality of the crystal and a stable refinement could not be obtained; therefore only 200 and 300 K X-ray structures were determined. The MU molecule in MUOX is in the syn conformation as opposed to anti in MUS and MUF, with the methyl group on the same side of the molecule as the carbonyl group meaning that zigzag chains cannot form and the amide···amide homodimer linking the three molecule units is lost. Adjacent MU-A-MU units are no longer parallel in their arrangement into chains; instead every second unit is parallel and the structure is layered. Adjacent units are held in place by R3 2 (8) hydrogen bonded rings forming between two MU molecules and an acid to produce a two-dimensional hydrogen bonded network (Fig. 7, right) . These hydrogen bonded rings are made up of one moderate and one weak N-H···O HB and a strong O-H···O HB in the three molecule unit. The layer separation is ~3.0 Å with π -π interactions between the carbonyls of the acid and MU in different layers.
Short, Strong Hydrogen Bonds
The seven molecular complexes in this work contain O-H···O HBs of lengths in the range 2.45 -2.55 Å (depending on the complex and the temperature of structural determination, Table  2 ). In general, the smaller the linking di-carboxylic acid, the shorter the HB and this is independent of the urea derivative. The effect of urea substituent on the HB length for a given dicarboxylic acid is, however, more subtle. Previously a correlation between ΔpKa values and the length of SSHB has been identified. 10 related molecules with suitable pKa values) and thus any potentially interesting properties that may arise from such HBs. The phenomenon of proton migration in SSHBs is rare, but a link between the O-H···O HB length and the occurrence of migration has been suggested; migration tends to occur only in O-H ... O HBs less than 2.45 Å in length (O···O distance). 10 In order to investigate the possibility of proton migration in the current materials, variable temperature neutron studies have been carried out on US/UF/MUS/DMUS. No evidence of temperature dependent proton migration was found within the complexes, suggesting that the proposed HB length threshold of 2.45 Å remains a sensible one (see ESI †). MUOX is the complex containing the shortest HB of the seven complexes, however, it was not possible to grow crystals of a suitable size for neutron diffraction studies. Whilst the X-ray data do not give any indication of proton migration, with this complex containing a SSHB of a length near the proposed threshold value, it is a sensible candidate for future neutron experiments.
Temperature Dependent Effects
Variable temperature experiments reveal another interesting feature of some of the complexes presented here, which can be related to the crystal packing. As the temperature is increased, the unit cell volume of a material will generally increase due to the increased thermal motion of the atoms and molecules within. In the solid-state, the expansion is often not uniform in all directions due to the alignment of molecules within the structure making expansion anisotropic -more favourable in certain directions -causing some axes or angles to increase at a different rate to others. US/UF/MUS/MUF/DMUS, which have very similar packing motifs, display the unusual property of contraction in one of the unit cell axes on increasing the temperature (Table 3 ). In all of these complexes, the contraction of the unit cell axis is accompanied by an increase in the unit cell volume, so these complexes cannot be called negative thermal expansion materials. MUOX and DMUF have different packing motifs and do not display this thermal expansion property. The contraction of a single unit cell axis can be rationalised by a shift in the hydrogen bonded molecular units as the temperature is increased (Fig. 8 ). Several factors contribute to this; increased thermal motion can have a pronounced effect on HB distances as these are weaker and more flexible than covalent bonds and can increase with temperature. This effect might be expected to be less pronounced for the short, strong O-H···O HBs in these complexes as these interactions are more covalent in nature. In the three molecule U-A-U unit of US the O-H···O distance increases from 2.515(1) to 2.530(2) Å and the N-H···O distance increases from 2.947(1) to 2.988(2) Å at 100 and 300 K, respectively (X-ray data). In US/MUS/MUF, both of these HB distances in the same molecular units increase, while UF shows only the N-H···O distance increasing, with the O-H···O distance being invariant over the temperature range. In DMUS, both distances are invariant. The lateral HBs from the three molecule units to neighbouring chains increase in length with temperature in all of the complexes.
The cooperative effect of these increases in hydrogen bond lengths with temperature results in a shifting of the relative positions of the molecular units and results in associated compression of weaker intermolecular interactions; it is the compression of these interactions that gives rise to the contraction in one cell dimension. (7) 740.96 (11) Increased thermal motion within the crystal structures at higher temperatures results in the atomic displacement parameters increasing in size; this is particularly the case for the hydrogen atoms ( Fig. 9 ). In US/UF/MUS, where neutron data are available at 300 K, the anisotropic thermal parameters of the hydrogen atoms can be refined and the direction of largest motion established. The hydrogen atoms with the largest displacement parameters, as might be expected, are those located on the alkyl chains of the fumaric and succinic acid molecules, which are not involved in any HBs, and those located on methyl groups of the substituted ureas in MUS where there is significant libration of the methyl groups at higher temperatures. 35 Hydrogen atoms located on the amide groups of the ureas (and the nitrogen atoms themselves) also show motion out of the plane of the molecular unit (indicated as a large principal mean square atomic displacement parameter in this direction) due to a 'wagging' of the amide group. This occurs in part due to the amide group only being involved in moderate to weak HBs and the thermal displacement parameters for these hydrogen atoms are larger than those involved in the much stronger O-H···O HBs. The motion of these atoms out of the plane of the molecular unit can also be related to a slight increase in the distance between layers of the one-dimensional chains in all of US/UF/MUS/MUF/DMUS; for example in US the layer separation increases from ~3.23 to ~3.30 Å in the 100 and 300 K X-ray structures, respectively. The combination of these factors has the net effect of a contraction of one unit cell axis due to the compression of weaker interactions noted above. This effect is entirely dependent on the crystal packing and the changes that occur in the weak interactions on varying the temperature. The thermal behaviour exhibited in these complexes is similar to that observed in the complex of N,N'-dimethylurea oxalic acid, which also displays a contraction of one unit cell axis on an increase in temperature. 10
Conclusions
Seven urea and methylurea-dicarboxylic acid complexes have been studied using variable temperature X-ray diffraction while variable temperature neutron data were also collected on four of these complexes. All seven complexes have a 2:1 (urea:acid) stoichiometry and contain a common motif of a three molecule hydrogen bonded U-A-U unit, consistent with the motifs observed in urea di-carboxylic acid complexes by Alhalaweh et al. 18 The presence of the acid···amide heterodimer motif persists in all complexes, reflecting the strength of this motif in directing the crystal structure. Modification of the urea moieties involved in these complexes by the addition of methyl groups removes the "competing" amide···amide homodimer preferentially over the acid···amide dimer in structures MUOX/DMUS/DMUF, where it is not possible to maintain both at the same time. This effectively pairs the strongest proton donor groups with the strongest HB acceptors. 34 US/UF/MUS/MUF/DMUS all display very similar crystal packing motifs with one-dimensional zigzag chains in two orientations where chains in the same orientation are stacked on top of one another. DMUF forms a different kind of hydrogen bonded chain, but still has two possible chain orientations and stacking of chains in the same orientation, while MUOX has a different packing motif and forms a layered structure. The similarity of the packing in complexes US/UF/MUS/MUF/DMUS shows the robustness of the acid···amide heterodimer which is formed preferentially over the amide···amide homodimer when methyl groups are added to the urea moiety in MUS, MUF and DMUS. The similarity of the packing motif in DMUS with those of complexes US/UF/MUS/MUF was unexpected as the presence of two methyl groups on the urea means that an amide···amide dimer cannot form. However, a one-dimensional chain is formed through two equivalent C-H···O interactions between the methyl groups and carbonyl oxygen atoms of the DMU molecules.
This packing motif adds an element of predictability to the structures, potentially enabling complexes containing similar molecules to be designed rationally in the future. 8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
The packing motif in the US/UF/MUS/MUF/DMUS complexes leads to unusual temperature dependent behaviour where one unit cell axis contracts on increasing the temperature. The contraction can be rationalised through a shift in the positions of adjacent molecular chains related to the increased thermal motion of the molecules and changes in the HBs and other weaker interactions as the temperature was varied. Neutron data were collected on four of the complexes to investigate the possible presence of proton migration in the short, strong O-H···O HBs which are present in all of the complexes. None of the complexes showed any significant change in the position of the proton in the SSHB as the temperature was varied. A HB distance of ~2.45 Å has previously been suggested as a threshold, below which proton migration may be observed. 10 The findings reported here support this, as the O···O separations in the SSHB of the four complexes studied by neutron diffraction are all greater than this threshold value. The length of the bridging di-carboxylic acid molecule influences the strength of the O-H···O HB; the shorter the linker, the shorter the HB. A general trend of HB length with ΔpKa values can be seen although this is more subtle; the less negative the ΔpKa value, the shorter the HB formed. Other factors such as crystal packing have an effect on the SSHB distance evinced by the anomaly of MUOX.
